Cochran, H.D., Cummings, P.T. and Karaborni, S., 1992. Solvation in supercritical water. The aim of this work is to determine the solvation structure in supercritical water compared with that in ambient water and in simple supercritical solvents. Molecular dynamics studies have been undertaken of systems that model ionic sodium and chloride, atomic argon, and molecular methanol in supercritical aqueous solutions using the simple point charge model of Berendsen for water. Because of the strong interactions between water and ions, ionic solutes are strongly attractive in supercritical water, forming large regions of increased local water density around each ion comparable to the solvent structures surrounding attractive solutes in simple supercritical fluids. Likewise, the deficit of water molecules surrounding a dissolved argon atom in supercritical aqueous solutions is comparable to that surrounding repulsive solutes in simple supercritical fluids. Methanol appears to be a weakly attractive or even repulsive solute in supercritical water. Only a small number of excess water molecules (if any) surround a methanol molecule in supercritical water, and this becomes a deficit at higher density. The number of hydrogen bonds per water molecule in supercritical water was found to be about one-third the number in ambient water. The number of hydrogen bonds per water molecule surrounding a central particle in supercritical water was only weakly affected by the identity of the central particle -atom, molecule or ion. These results should be helpful in developing a qualitative understanding of important processes which occur in supercritical water.
INTRODUCTION
Supercritical (SC) water has been proposed as a solvent or a reaction medium for a number of technological applications and is also important in * Presented at the 2nd International Symposium on Supercritical Fluids. power systems using SC steam cycles and in some geochemical processes. The technological applications in which SC water is considered as a solvent and/or reaction medium include destructive oxidation of hazardous wastes (Model1 et al., 1982; Thomason and Modell, 1984; Staszak et al., 1987) ; conversion of coal (Model1 et al., 1978; Penninger, 198.51 , and production of chemicals (Narayan and Antal, 1989) . Huang et al. (1989a,b) consider the technologically important corrosion processes of alloys in SC water.
By way of motivation, let us consider just one of the potentially important new technological applications of SC water -oxidation of hazardous wastes. Webley and Tester (1989) found that the detailed oxidation kinetics of methanol in SC water could not be explained by accepted gas-phase elementary kinetic models corrected for high pressure. They speculated that regions of increased local water density about reactant molecules might contribute to the unusual kinetic behavior. Penninger (1985) and Narayan and Antal (1989) concluded that ionic species (despite the relatively low degree of dissociation in SC water) play important roles in catalyzing some reactions that occur in SC water. We suggest that fundamental understanding of some of these technologically important applications of SC water might be substantially improved through understanding the solvation structures around solutes dissolved in SC water. For example, we believe that some solutes in SC water will be surrounded by regions of increased local water density and that others will be surrounded by regions of decreased local water density. Most solutes will tend to aggregate with themselves and with one another. Obviously, if these speculations are accurate, pressure-corrected gas-phase kinetic models (based on the premise of uniform, random molecular distributions) cannot be accurate. Improved fundamental understanding may lead to improved processes or to solution of unanticipated future problems.
Through advances in both experiment and theory there has developed a greatly improved understanding of the structure and properties of solutions in simple solvents at SC conditions. It is now understood (see for example Cochran and Lee, 1989 ) that the striking properties of dilute solutions of relatively large solute molecules near the critical point (CP) of a simple SC solvent result from the formation of large regions of increased local water density around these "attractive" solutes. Large numbers of excess solvent molecules (in comparison to the bulk average density) surrounding each solute molecule give rise to very large, negative values of the solute partial molar volume, rapid increase in the solubility, etc. as the CP is approached. In the unusual case of a small solute molecule in dilute solution in a relatively large SC solvent, regions of solvent deficit (again in comparison to the bulk average density) surround these "repulsive" solutes. The large, positive partial molar volumes of solutes such as argon, ethylene, and xenon in SC water (Biggerstaff and Wood, 1988) provide dramatic evidence of the practical reality of such repulsive SC solutions. In a dilute, near-critical solution, the presence of an attractive or repulsive solute may not cause significant changes in phase behavior; nevertheless, the difference between an attractive or repulsive solute does have important effects on the behavior of the solute. An attractive solute has a large, negative partial molar volume at infinite dilution and a large, positive derivative of solubility with pressure near the CP of the solvent, whereas a repulsive solute shows the opposite behavior. Wheeler (1972) gave the first theoretical description of the behavior of dilute solutions near the CP of the solvent, and more recently Kim and Johnston (1987) and Debenedetti (1987) presented molecular thermodynamic descriptions of local solvent density enhancement (which has been called "clustering") in SC solutions. Cochran et al. (1988) , Cochran and Lee (1989) , Wu et al. (1990) , and Cochran et al. (1990) have presented a thorough description of these structures at the level of molecular physics for solutions in simple SC fluids. An additional structural feature in dilute SC solutions found by Cochran and co-workers is the strong aggregation of solute molecules with one another. This behavior has been observed experimentally by Brennecke and Eckert (1989) and undoubtedly has important practical consequences, for example, in chemical reactions. Flarsheim et al. (1989) studied pressure effects on the 1,/I-reaction in supercritical water. They observed a large partial molar volume change for the reduction reaction which they attributed to the interplay between strong electrostatic forces and the large isothermal compressibility of the fluid. They interpreted their results in terms of the large degree of local density augmentation surrounding the charged species, a phenomenon they termed "clustering."
There has also developed a detailed understanding of the structure and properties of aqueous solutions under ambient conditions. In the pure state, ambient water is known (Franks, 1979; Beveridge et al., 1983; Rossky, 1985) to consist of a hydrogen-bonded network within which virtually all water molecules are hydrogen-bonded to other water molecules. The structure is distorted from the regular, tetrahedral array in ice I by the dynamics of bond bending and rotation in the liquid, so that orientational order persists only for two or three molecular diameters. Around a nonpolar solute, ambient water molecules tend to maintain their hydrogenbonded structure, the water molecules orienting so that the 0 -* * H-O groups straddle the weakly interacting non-polar solute surface and maintain the degree of hydrogen bonding available in the bulk (Rossky, 1985) . Polar solutes such as methanol can participate in the hydrogen-bonded network of ambient water. Around multifunctional solute molecules the solvation structure associated with each functional group is not qualitatively perturbed by the presence of other groups even in close proximity. In contrast, the strength of charge-dipole interactions is so strong that ionic solutes disrupt the hydrogen-bonded structure of ambient water and create a strongly oriented local structure around themselves.
The decrease of the dielectric constant of water with increasing temperature, which extends into the SC region explored in this work, suggests that the degree of hydrogen bonding in water decreases with increasing temperature. Some Raman spectroscopy studies of water, aqueous solutions, and other hydrogen-bonding fluids also suggest a decrease in the degree of hydrogen bonding with increasing temperature (see, for example, Walrafen et al., 1986) . However, there is considerable ongoing controversy in the Raman spectroscopy community about whether or not this interpretation is supported by the experimental data (see, for example, Benassi et al., 1989) .
We have sought to gain improved understanding of the solvation structures around solutes in SC water using molecular dynamics simulation of model solute particles in SC water; the solutes we have modeled so far include ionic Naf and Cl-, atomic argon and molecular methanol. Calculations were performed by the molecular dynamics technique in the canonical, isokinetic ensemble using a fourth order Gear predictor-corrector algorithm. The details have been presented by Cummings et al. (1991) . Water interactions were modeled by the simple point charge (SPC) model of Berendsen et al. (1981) which consists of a spherical Lennard-Jones (LJ) potential centered on the oxygen atom with partial point charges located so as to result in good prediction of the properties and structure of ambient water. Ionic Naf and Cl-have been modeled as LJ spheres with central unit charges (Pettitt and Rossky, 1986) . Atomic Ar has been modeled as an LJ sphere (Straatsma et al., 1986) . Details of the potential models and the potential parameters used for the water-water interactions and the interactions between water and the monatomic solutes are given by Cummings et al. (1990) . For molecular methanol in water we have used Haughney's Hl potential (Haughney et al., 1986) with the SPC water model and with Lorentz-Berthelot combining rules for the unlike size and energy parameters.
Long-range interactions have been handled by the reaction field technique (Neumann and Steinhauser, 1980) . The simulations were performed with single solute particles in a bath of 215, 255 or 863 solvent particles, depending on the state. The time step was 1 fs, the equilibration time was 15 ps and the simulation time was 30 or 45 ps. Equilibration in SC water was found to be far more rapid than in ambient water. Calculations for each case took 3 to > 12 CPU h on the single processor Cray X-MP at Oak Ridge. The methanol-water simulations were performed on IBM RS/6000-320 workstations at the University of Virginia which are about one-third as fast as the Cray X-MP.
The calculation method was successfully tested by calculating thermodynamic and dielectric properties of ambient water. Calculations of the thermodynamic and dielectric properties of pure SC water at T, = T/T, = 1.00 and pr = p/p, = 1.50, the dense SC state, and at T, = 1.05 and pr = 1.00, the near-critical SC state, (Cummings et al., 1991) demonstrated the remarkable accuracy of the SPC model even for SC states.
RESULTS AND DISCUSSION
Some of the results presented herein were obtained from the same simulations as described previously in Cummings et al. (1991) ; specifically, the pair correlation functions presented here in Figs. 1 and 2 (except for methanol) and the integrals of pair correlation functions presented here in Figs. 3 and 4 (except for methanol) appeared (plotted differently) in figures in the cited publication.
Figure la presents the calculated g,, (the centers pair correlation function) at T, = 1.05 and pr = 1.00 for water particles surrounding water, sodium, and chloride particles while Fig. lb presents similar results (but note the expanded y axis) for water particles surrounding water, methanol, and argon particles. The strong charge-dipole interaction makes each ion a strongly attractive solute in SC water. The weaker dipole-dipole and Lennard-Jones interactions make the methanol a weakly attractive solute and argon a repulsive solute in SC water.
Similar results, but at T, = 1.00 and pr = 1.50, are presented in Figs. 2a and 2b, respectively. At this dense SC state, farther from the CP, the first maxima of the centers pair correlation function for the attractive ionic solutes is notably smaller; although not so obvious, the long-range tail is also diminished. For the methanol solute, too, the first maximum is diminished at the state farther from the CP. For the argon solute the centers pair correlation function at the state farther from the CP is difficult to distinguish from that at the near-critical state.
Figures 3a and 3b present the calculated number of excess (in comparison to the bulk average) water particles within a sphere of radius R surrounding the central particle for the near-critical state CT, = 1.05 and p, = 1.00). Th e equation defining this excess number of surrounding water molecules is N(R) 'pJoR4 rr*[ g,,(r) -11 dr where p is the water number density. Again, one can clearly perceive that the Na+ ion is a strongly attractive solute. The first solvation shell is distinct (containing about 4 excess water molecules), and the local region contains at least 26 excess water molecules in all. The sodium-water centers correlation function shows that in the shell of nearest neighbors surrounding a Na+ ion in SC water the local water density is about 20 times the bulk water density; however, the number of water molecules represented by the first maximum (after g, is adjusted for density) is the same as that observed in ambient water (Pettitt and Rossky, 1986, Fig. 1) .
The Cl-ion, in comparison, is also strongly attractive. The first solvation shell contains about four excess water molecules, and the local region contains about 20 excess water molecules. The local water density in the first soIvation shell around a Cl-ion is about 10 times the bulk density, Again, when g,, is adjusted for density, the number of nearest-neighbor water molecules is the same as observed in ambient water (Pettitt and Rossky, 1986, Fig. 2 ). and and methanol in water at this state may behave as a weakly attractive solute in the sense of Debenedetti and Mohamed (1989) . That is, while there may be a small excess rather than a deficit of water molecules surrounding a dilute methanol molecule at this state (Fig. 3b) , we might expect the infinite dilution partial molar volume of methanol in water to become large and positive at this state. Unlike ionic solutes and the polar methanol solute, which behave as attractive and weakly attractive solutes, respectively, in SC water, the argon atom clearly behaves as a repulsive solute. There is a deficit of about three water molecules surrounding an argon atom at the near-critical state CT = 1.05 and pr = 1.00). In Fig. lb , it is striking that the first maximum in the centers correlation function for argon in SC water does not exceed unity; in contrast, simulation results (Tani, 1983) and scattering results (Narten and Levy, 1971; Thiessen and Narten, 1982) for argon in ambient water show a first maximum equal to 2.0, a minimum of 0.8 and a small second maximum. . . Similar results concerning the number of excess water molecules surrounding a solute are presented in Figs. 4a and 4b for the dense SC state (7" = 1.00 and p, = 1.50). The excess around the ionic solutes is somewhat smaller at the dense state (farther from the CP). The deficit of water molecules surrounding the repulsive argon atom, however, is somewhat greater at the dense state. Moreover, at the dense state the methanol solute appears to be a repulsive solute rather than a weakly attractive one. Such behavior, as density is increased along the critical isotherm away from the CP, is predicted by Petsche and Debenedetti (1991) .
In contrast to simple solvents, water can exert strongly directional forces on neighboring molecules and exhibits extended hydrogen-bonded network structures at ambient conditions. We have examined the degree to which water particles participate in hydrogen bonding as a function of distance from a central (sodium, chloride, water, methanol or argon) particle at SC conditions. The criterion for deciding whether a neighboring pair of water Fig. 5 . Number of hydrogen bonds per water particle surrounding a central water particle at T, = 1.05 and pr = 1.00, at T, = 1.00 and pr = 1.50 and under ambient conditions. particles is or is not hydrogen-bonded is essentially arbitrary; however, prior study (Beveridge et al., 1983; Rossky and Hirata, 1983) shows that results from geometric and energetic criteria are qualitatively consistent for ambient, pure water. We have employed the minimal geometric criterion of Beveridge et al. (1983) to count, as a function of distance from a central particle, the number of hydrogen bonds per water particle. The results are shown in Figs. 5 and 6. Figure 5 shows that at ambient conditions the number of hydrogen bonds per water molecule surrounding a central water approaches about 2.3. We suspect that a less rigid criterion defining a hydrogen bond might show the number to be closer to 4.0 but with distorted bond angles. It should be noted that the definition for the presence of a hydrogen bond by Beveridge et al. can lead to more than one hydrogen bond between a single pair of molecules. In our calculations of the number of hydrogen bonds per water molecule, we have counted no more than one hydrogen bond per pair of molecules. In contrast to the case under ambient conditions, the number of hydrogen bonds per water molecule surrounding a central water, at the dense SC state (T, = 1.00 and pr = 1.501, is about 1.0, and at the near-critical SC state (T, = 1.05 and pr = 1.00) the number is about 0.8. The decreased extent of hydrogen bonding under the SC conditions might result from both the lower density of water molecules and the greater kinetic energy of water molecules at SC temperature. Qualitatively, the observed result is consistent with the decreased dielectric constant of SC water compared with that of ambient water. Figure 6a shows that the number of hydrogen bonds per water molecule surrounding a central particle at near-critical SC conditions (7" = 1.05 and p, = 1.001 is only weakly affected by the identity of the central particle, whether the central particle is a water or methanol molecule, a sodium or Fig. 6 . Number of hydrogen bonds per water particle: (a) surrounding a central particle at T, = 1.05 and pr = 1.00; (b) surrounding a central particle at T, = 1.00 and pr = 1.50.
chloride ion, or an argon atom. This behavior is in contrast to that found surrounding solutes in ambient water. However, the relatively constant number of hydrogen bonds per water molecule does not imply that the absolute number of hydrogen bonds in water surrounding a central particle is relatively constant; recall the dramatic differences in local water density surrounding the different solutes shown in Figs. la and lb. That the number of hydrogen bonds per water molecule in SC water is relatively unaffected by the identity of the central particle, despite the large differences in local water density around the different central particles, suggests that the high temperature of the SC systems is a stronger factor than the lower density in its influence on the hydrogen bonding. This would be consistent with the the observed dramatic increase in the rate of rotational relaxation of water with increasing temperature at constant density (Gordon and Goldman, 1989) . Figure 6b shows very similar results for the dense SC state (T, = 1.00 and pr = 1.50). The slightly lower temperature and the higher density appear both to have contributed to the slightly larger number of hydrogen bonds per molecule at this state in comparison to the near-critical SC state. Again the number of hydrogen bonds per molecule is relatively unaffected by the identity of the central particle.
In ambient water (see above) solutes have been observed to have a strong effect on the hydrogen bonded structure of the surrounding water molecules. Argon, for example, is sometimes called a "structure-making" solute because its presence in ambient water seems to permit the surrounding water molecules to participate in more than the bulk average number of hydrogen bonds per water molecule. On the other hand, a strong ionic solute, such as Na+ for example, is sometimes called a "structure-breaking" solute because the strong charge-dipole forces tend to disrupt the local hydrogen-bonded structure in the surrounding water and reduce the number of hydrogen bonds per water molecule compared with the bulk average. These solute effects on the degree of local hydrogen bonding are not seen in the present results. We speculate that, at the higher temperatures of the present study, the degree of hydrogen bonding and hence the rigidity of local structure is substantially less than under ambient conditions. Consequently, the water molecules surrounding a solute particle can more easily conform to the attractive or repulsive solute-solvent forces without noticeable further effect on the degree of local hydrogen bonding.
CONCLUDING REMARKS
We have used molecular dynamics calculations to explore the solvation structures which may be expected to surround solutes in SC water. Like solutions in simple SC fluids, SC aqueous solutions may exhibit long-range structure around a solute molecule characteristic of attractive, weakly attractive or repulsive interactions. In this sense, ions in SC water are strongly attractive solutes, methanol is weakly attractive or repulsive and argon is a repulsive solute. The local water density is increased around attractive and weakly attractive solutes and is reduced around repulsive solutes.
At close range the solvation structures in SC water exhibit local water density comparable to that in ambient water but hydrogen bonded structures different from solvation in ambient water. The strong interactions of water with dissolved ions create around the ion a local environment of very high water density compared with the bulk average; however, the local density is not high compared with that in ambient water. The local structure surrounding a dissolved methanol molecule is similar to that surrounding a water molecule in SC water. Around an argon atom in SC water the local density of water molecules is depressed from that of bulk SC water to substantially lower local density than in the case of argon in ambient water. The number of hydrogen bonds per water molecule surrounding a central particle in near-critical SC water is about one third the number observed in pure ambient water regardless of the identity of the central particle, whether it is a water or methanol molecule, a sodium or chloride ion, or an argon atom. As noted earlier, some interpretations of Raman spectra of water and aqueous solutions lead to a similar decrease in the hydrogen bonding with increasing temperature, although there remains controversy surrounding the interpretation. In dense SC water (7" = 1.00 and p, = 1.50) the number of hydrogen bonds per water molecule is about 25% greater than at the near-critical SC state (T, = 1.05 and pr = 1.00). As described, the hydrogen-bonded structure we have observed in SC water contrasts with the behavior found in ambient water where solute effects on the degree of local hydrogen bonding may be appreciable.
We conclude from the results in Figs. l-4 that attractive solutes in SC water are surrounded by local regions of excess solvent density even at states substantially removed from the CP. Flarsheim et al. (1989) inferred similar density augmentation from their study of the pressure effects on the reversible 1,/I-reaction in supercritical water. These results are qualitatively the same as those seen for simple SC solvents and extensively explored in the prior work reviewed above. By extension, we might expect also to witness local solute-solute aggregation as has been seen for simple SC solvents, but this question could not be explored within the limited scope of the present work. Repulsive solutes in SC water, we conclude, are surrounded by local regions depleted in water molecules compared with the bulk average. This behavior is also qualitatively the same as that exhibited with repulsive solutes in simple SC solvents. Again, by extension, we might expect local solute-solute aggregation for repulsive solutes as has been found in simple SC fluids.
For simple SC fluids it has been possible to characterize, at a molecular level, which relative size and energy parameters will make a solute attractive or repulsive in a given solvent (Petsche and Debenedetti, 19911, but this is not yet possible for solutes in SC water. Additional work is needed to answer this important question. Nevertheless, it is revealing that, at the near-critical SC state, methanol appears to be near the borderline between weakly attractive and repulsive behavior while at the dense SC state it is more strongly repulsive. Equally important for modeling reactions in SC water, following on the motivational remarks in the Introduction, is developing useful interaction models for reacting species (e.g., free radicals) with SPC water. The complicated coupling between the electron density of the reactive species and the local water density fluctuations in the surrounding SC medium will be challenging to model. We do not expect that pressurecorrected gas-phase kinetic models would be particularly successful in describing reactions in SC water inasmuch as some reacting species are likely to be found in a more liquid-like local environment if they are attractive solutes. Repulsive solutes would be surrounded by a local environment depleted in solvent but enriched in some solute species compared with the bulk average composition. Extending gas-or liquid-phase kinetic models to SC reaction systems does not take account of these local density effects and, as has been observed by Webley and Tester (19891, 
